[1] In this paper, we statistically investigate the effect of solar wind dynamic pressure enhancements on the dawn-to-dusk ring current asymmetry by examining disturbances of the ASY-H index and low-latitude and midlatitude ground asymmetric perturbations in the north-south (H) component of the geomagnetic field during 186 events occurring from 1 June 2003 to 30 September 2004. Both storm time and nonstorm time events are included. It is found that a pressure enhancement further intensifies the ring current asymmetry provided that the ring current is already asymmetric at the time of the onset of the pressure enhancement. This effect strongly depends on the IMF B z conditions prior to the pressure enhancement. Generally, for negative IMF B z , pressure enhancements further increase the ring current asymmetry. This effect also depends on the strength of the pressure enhancement. Under the same IMF B z conditions, the stronger the pressure enhancement is, the stronger the intensification of the asymmetric ring current is. The IMF B z conditions during a pressure enhancement play a similar role to that of the IMF B z preconditioning. The results further show that midlatitude H perturbations around the local noon or midnight region as well as the ASY-H index often include significant contribution from field-aligned currents, e.g., the region 1 (R1) or region 2 (R2) currents or the substorm current wedge.
Introduction
[2] The ring current is primarily due to energetic ions and electrons magnetically drifting in opposite directions, i.e., ions in the westward direction and electrons in the eastward direction, at geocentric distances from $3 R E to roughly 9 R E . One of the most important characteristics of a magnetic storm is the buildup of the ring current [Gonzalez et al., 1994] with development and strength indicated by the Dst index [Sugiura and Kamei, 1991] or the SYM-H index [Iyemori, 1990; Iyemori and Rao, 1996] . It is well known that solar wind dynamic pressure enhancements have significant effects on global magnetospheric and ionospheric current systems, e.g., the Chapman-Ferraro, region 1 (R1), cross-tail current, and the auroral electrojets [Patel, 1968; Sugiura et al., 1968; Kaufmann and Konradi, 1969; Araki, 1977 Araki, , 1994 Russell et al., 1994a Russell et al., , 1994b Zesta et al., 2000] . McPherron and O'Brien [2001] studied the solar wind control of the Dst index. They found that the averaged effect (approximately hourly) of pressure enhancements on the Dst exponentially decreases with increases of the convection electric field VB z . For very large electric field, the effect appeared to approach zero. Wang et al. [2003] correlated solar wind data with Dst to empirically investigate the influence of the solar wind dynamic pressure on the injection and decay of the ring current. They found that the ring current injection rate is proportional to the solar wind dynamic pressure.
[3] Many studies have revealed that during the main and early recovery phase of a magnetic storm, the ring current is always asymmetric [Hamilton et al., 1988; Fok et al., 1996; Ebihara and Ejiri, 1998; Grafe, 1999; Liemohn et al., 1999 Liemohn et al., , 2001a Liemohn et al., , 2001b Ebihara et al., 2002] , with the dusk current being significantly stronger than the dawn current. Liemohn et al. [1999 Liemohn et al. [ , 2001b attributed this asymmetry to the drift loss of ring current particles on open paths. They pointed out that during the storm main phase ring current ions are mostly on open drift paths and easily get lost to the magnetopause, and thus do not reach the dawn side. During the late recovery phase, on the other hand, ring current particles are mostly on closed drift paths, which leads to the development of ring current symmetry as the ions then drift around to the dawn side. It is generally believed that the asymmetric ring current vanishes when the IMF B z turns northward [Kawasaki and Akasofu, 1971 ], and we would expect an asymmetric ring current only when IMF B z is southward.
[4] The effect of solar wind dynamic pressure enhancements on the development of the asymmetric ring current has not received much attention. Recently, Shi et al. [2005] investigated the transient effect of solar wind dynamic pressure enhancements on the storm-time asymmetric ring current during different storm phases by examining lowlatitude and midlatitude ground magnetometer responses to the pressure enhancements. Shi et al. [2005] found that during the main phase of a strong storm, when the IMF B z is persistently southward and the asymmetric ring current is expected to be strong, a dynamic pressure enhancement can significantly further intensify the asymmetric ring current and lead to a clear dawn-to-dusk polarity asymmetry in the ground H perturbations characterized by negative H perturbations in the postnoon sector and positive H perturbations in the morning sector. This polarity asymmetry is due to the fact that the intensification of the asymmetric ring current exceeds that of the enhanced Chapman-Ferraro current on the dusk side, while on the dawn side the contribution from the Chapman-Ferraro current is dominant. For a much weaker pressure enhancement, occurring during the early recovery phase of a moderate storm with southward IMF B z when the asymmetric ring current is expected to be weaker, the pressure enhancement only slightly intensified the ring current asymmetry and caused a possible magnitude asymmetry between the dawn and dusk H perturbations but no polarity asymmetry. Finally, for a pressure enhancement occurring during the later recovery phase with strong northward IMF B z , when the ring current is expect to be symmetric, the pressure enhancement only intensified the symmetric ring current. The above results on the ring current asymmetry intensification can be explained in terms of the local energization of the preexisting ring current particles by the azimuthal electric field induced by a pressure enhancement. Such local acceleration depends on the available source population at the time of compression and thus the asymmetry state of the ring current at the time of the onset of the pressure enhancement, which is in turn determined by the IMF B z preconditioning. It also depends on the absolute strength (DP) and relative strength (DP/P 0 ) of the pressure enhancement. We will further verify this in the present paper.
[5] The analysis of Shi et al. [2005] included only four storm time cases, which limited the generality of their conclusions and their applicability to nonstorm time conditions. In this paper, on the basis of the statistical study of 186 pressure enhancements occurring during June 2003 to September 2004, we investigate the effect of pressure enhancements under more general conditions, including both storm time and nonstorm time cases. We evaluate the generality of the conclusions of Shi et al. [2005] on the role that the strength of pressure enhancements, in conjunction with IMF B z preconditioning, play in modifying the storm time ring current asymmetry, and evaluate the effect of pressure enhancements during nonstorm times.
[6] We focus on the asymmetric perturbations in the H component mostly from low-latitude stations (with some from midlatitude) of the SAMBA and the 210 chain for 186 events selected during June 2003 to September 2004. We also refer to the SYM-H index to determine storm time cases, and use the ASY-H index [Iyemori, 1990; Iyemori and Rao, 1996] to show the asymmetric disturbances in the H component during the pressure enhancements. We find strong evidence that a pressure enhancement does generally further intensify the asymmetric ring current if there is an asymmetric ring current at the time of the onset of the pressure enhancement. This effect strongly depends on the IMF B z conditions before the compression as well as on the strength of the pressure enhancement. We further find that the IMF B z conditions during the pressure enhancement when the pressure is high also plays a role in affecting the ground asymmetric H perturbations.
[7] Criteria for event selection and description of the data and their implications are given in Section 2. In Section 3 we present and analyze the statistical results. Discussion and conclusions are given in Sections 4 and 5, respectively.
Data Description
[8] The solar wind plasma and magnetic field data are from the SWE [Ogilvie et al., 1995] and MFI [Lepping et al., 1995] instruments, respectively, on the Wind spacecraft, and from the SWEPAM ] and magnetic fields experiment (MFE) [Smith et al., 1998 ], respectively, on the ACE spacecraft. We use the plasma data to identify the pressure enhancements. We choose all available pressure enhancements that satisfy the following criteria during the period from 1 June 2003 to 30 September 2004.
[9] 1. The change of the dynamic pressure is sharp, i.e., sudden and rapid pressure jump.
[10] 2. The duration of period of high pressure is at least 30 min.
[11] 3. The relative strength of the pressure increase to the previous pressure DP/P 0 is larger than 0.2.
[12] 4. Both Wind and ACE observe a similar shape for the pressure enhancement.
[13] The application of the above criteria resulted in 186 pressure enhancement events during the above period.
[14] The ground magnetometer data are from the recently established South American Meridional B field Array (SAMBA), and the 210 chain, which is a part of the Circum-Pan Pacific Magnetometer Network (CPMN). SAMBA is run by University of California, Los Angeles (E. Zesta, PI), and a total of 11 stations were installed between May 2002 and April 2005. It is a meridional array with 11 magnetometers spaced from low to midlatitude (L = 1.01 to L = 2.4) along the coast of Chile, from near the dip equator to the tip of the Antarctic peninsula below the southern edge of Chile. The SAMBA and the 210 chains are approximately 12 hours of local time apart from each other, which is ideal for the investigation of the asymmetric disturbances in the ground magnetic field. The 210 chain data is provided by K. Yumoto, the PI of the CPMN magnetometer network. In this study, we have used the data from a total of 28 low-latitude to midlatitude stations from the above two arrays.
[15] We use the SYM-H index [Iyemori, 1990; Iyemori and Rao, 1996] to identify the magnetic storms occurring during the above period, and the ASY-H index [Iyemori, 1990; Iyemori and Rao, 1996] to show that asymmetric H perturbations were caused by the pressure enhancements. These two indices are derived primarily from six midlatitude stations. The SYM-H index is the H component average of the six stations and represents the longitudinally symmetric part of the ground H disturbances. It is essentially the same as the hourly Dst index [Sugiura and Kamei, 1991] , except that it has a 1-min time resolution. SYM-H is a direct measure of the strength of the symmetric ring current (though it also includes effects from the ChapmanFerraro current). The ASY-H index [Iyemori, 1990; Iyemori and Rao, 1996] , which also has 1-min resolution, is the range between the maximum and the minimum values of the H perturbations of the same six stations. It is used as an indicator of the longitudinally asymmetric disturbances in the H component.
Statistical Results and Analyses

Effect of Pressure Enhancements on the ASY-H Index
[16] The ASY-H index measures the low-latitude and midlatitude dawn-dusk asymmetric H perturbations, which has been generally attributed to a dusk-centered asymmetric ring current Fukushima, 1971, 1972; Crooker and McPherron, 1972; Suzuki and Fukushima, 1984] . On the other hand, the asymmetry was only interpreted as resulting from an imbalance of R1 and R2 field-aligned currents by Crooker and Siscoe [1981] . However, Iyemori [1990] pointed out that the contribution from the asymmetric ring current cannot be neglected as a cause for the dawndusk asymmetric H perturbations though the field-aligned closure currents for the asymmetric ring current or the net field-aligned currents mentioned above [Crooker and Siscoe, 1981] also have an effect. Shi et al. [2005] used the magnitude of D perturbations with respect with that of H perturbations as an indicator of the strength of field-aligned currents' contribution to H perturbations as compared to the contribution from the ring and Chapman-Ferraro currents. Shi et al. [2005] showed that the D perturbations at low latitudes and midlatitudes are generally much smaller than H perturbations there during magnetic storm, which implies that the effect of field-aligned currents on H perturbations is significantly smaller than that of the ring and ChapmanFerraro currents (please refer to Shi et al. [2005, Figure 2] ). In this study, we used the similar line of thought and compared all available D perturbations and H perturbations of the 28 low-latitude to midlatitude stations during the 186 selected pressure enhancement events. We found that almost all the D perturbations are significantly smaller than the H perturbations on the same observatory and often nonexistent. Thus the asymmetric ring current has a significant contribution to the asymmetric H perturbations and the ASY-H index can be used as an indicator of the variation of asymmetric ring current in our study.
[17] We first investigate the effect of pressure enhancements on the changes of the ASY-H index. Figure 1 shows the change in the ASY-H index (DASY-H) resulting from a pressure enhancement as a function of the pressure change. Figures 1a and 1b show scatterplots of the increase of ASY-H with respect to the relative strength (DP/P 0 ) of the 186 pressure enhancements for positive and negative averaged IMF B z , respectively. DP is defined as pressure at peak minus pressure at onset. The B z value (positive or negative) is the average of IMF B z over the two hours before the pressure enhancement, which represents B z preconditioning. A logarithmic scale is used for Figures 1a and 1b. Figures 1c and 1d are the same as Figures 1a and 1b, except that they are with respect to the absolute strength (DP) of the 186 pressure enhancements.
[18] Figures 1a and 1b show clearly the trend that stronger pressure enhancements are associated with larger increases of the ASY-H, for both northward and southward IMF B z . This implies that the pressure enhancements do cause asymmetric disturbances in the H component at low latitudes to midlatitudes, indicating intensification of the asymmetric ring current as measured by the ASY-H index; the stronger the pressure enhancement is, the stronger the asymmetric H perturbations are and thus the stronger the intensification of the asymmetric ring current is. Even though this is only a qualitative conclusion (since we cannot separate contributions from the different currents in the ASY-H index), it is reasonable and what we expected for southward IMF B z (Figure 1b) , because stronger pressure enhancements will lead to stronger adiabatic energization of the preexisting asymmetric ring current particles, hence to stronger intensification of the asymmetric ring current [Shi et al., 2005] . This result, however, is unexpected for the northward B z case (Figure 1a ), which implies either that the asymmetric ring current does not vanish for northward IMF B z , or that, more likely, there are contributions to the ASY-H index from field-aligned currents. We will discuss this more later.
[19] We fit the points in Figure 1a and 1b by assuming a simple linear regression model. The R square, an indicator of how well the linear model fits the scattered points, of each fit is 0.13 and 0.20, respectively. Obviously, the linear correlation between DASY-H and DP/P 0 is not good.
[20] Similar trends as discussed above can be seen in Figures 1c and 1d of DASY-H with respect to DP again for both northward and southward IMF B z , namely the stronger the pressure enhancement, the larger the DASY-H; hence the stronger the implied intensification of the asymmetric ring current. Here too (Figure 1c ) we see the unexpected large DASY-H for positive IMF B z as seen in Figure 1a .
[21] Using the same simple linear regression method, we find that the R square is 0.27 and 0.39 for Figures 1c and 1d, respectively. Although the correlation between DASY-H and DP is still not great, it seems that DASY-H has a stronger correlation with the absolute magnitude of the pressure change, DP, than with the relative magnitude of the pressure increase, DP/P 0 . Therefore, for all our following investigation, we use DP rather than DP/P 0 as a controlling parameter.
[22] Figure 2 shows the correlation between DASY-H and the averaged B z over two hours before the pressure enhancement (B z_ 2hrbef). Each panel is for a different magnitude bin of pressure enhancement strength, DP. A general trend is seen for all magnitudes of DP, namely that the enhancement of the ASY-H index is stronger with more negative IMF B z .
[23] Figures 1 and 2 suggest that a correlation between the increase of the ASY-H index and the strength of a pressure enhancement does exist, but it is not a simple linear relationship. A pressure enhancement does intensify the asymmetric ring current, as measured by the ASY-H index, under appropriate IMF B z conditions, and the stronger the pressure enhancement is, the stronger is the intensification of the asymmetric ring current. This effect strongly depends on the IMF B z conditions before the pressure enhancement. The more southward is the IMF B z , the stronger the intensification of the asymmetric ring current for the same strength of a pressure enhancement.
[24] We should caution here about the limitations of using the ASY-H index. The six stations used to derive the ASY-H index are randomly selected from a station pool consisting of 10 low-latitude to midlatitude stations in which only two are from low latitudes. The ASY-H index thus should not only have contributions from the asymmetric ring current, but also from field-aligned currents because their effects on H perturbations generally can reach midlatitudes [Zesta et (Figures 1b and 1d) implies that there might be contributions to the ASY-H index from current systems other than the asymmetric ring current, because the asymmetric ring current is expected to vanish for large northward IMF B z [Kawasaki and Akasofu, 1971] (though not necessarily for small northward B z [Boyle et al., 1997] ). We will discuss the implication of the ASY-H index more later.
[25] We cannot distinguish the relative contribution from the asymmetric ring current from that of field-aligned currents at this stage, though it is clear that the asymmetric ring current is intensified. In order to separate the relative contribution of different currents, we need to resort to the ground magnetometer observations at low latitudes and midlatitudes, as done by Shi et al. [2005] .
Effect of Pressure Enhancements on the LowLatitude and Midlatitude Ground H Perturbations
[26] In this section, we check the actual individual responses of the 28 low-latitude to midlatitude ground magnetometers (from the SAMBA and the 210 chains) to the 186 pressure enhancements in order to separate the effect of the asymmetric ring current from those of other current systems. In this study, we have found that almost all D perturbations are much smaller than H perturbations at low latitudes and midlatitudes during the 186 events. Although we still cannot completely rule out the possible contributions from field-aligned currents, it is safe to say that the contributions from ring and Chapman-Ferraro currents are dominant at low latitudes and midlatitudes. Moreover, 70% of our stations, i.e., 20 stations, were chosen with magnetic latitudes lower than or near 35°. This minimizes the effects of the field-aligned currents as much as possible, since their effects are smallest at low latitude stations.
[27] Figure 3 shows, in color scale, the bin-averaged ground H perturbations (DH) with respect to the magnitude of the pressure enhancement DP and magnetic local time (MLT). Note that the DP bins are in logarithmic scale. There is at least one point in each color bin (bins without any points are left white), and the color plotted value of DH is the average of all points in that bin. The color bar represents the strength and polarity of DH. All 186 events of our statistical sample are included in Figure 3 , i.e., both storm time and nonstorm time cases during both positive and negative IMF B z conditions.
[28] For DP < 12 nT, DH is mostly negative in the postnoon sector (1200 to $1930 MLT) and mostly positive in the morning sector (0600 to 1200 MLT). This is a clear dawn-to-dusk polarity asymmetry of the H perturbations caused by the pressure enhancements, which is consistent with the increases of ASY-H in Figure 1 . Also, stronger pressure enhancements seem to create larger DH asymmetry, namely the magnitudes of the positive and negative DH are larger. This is also consistent with the above correlations between DASY-H and DP.
[29] In this study, since most of our stations are from low latitude, the primary contributors should be from the ring current (both symmetric and asymmetric) and ChapmanFerraro current. We further assume, as we did in our previous work [Shi et al., 2005] , that the Chapman-Ferraro current and its response to a pressure enhancement are approximately the same on the dawn and dusk side of the magnetosphere. The Chapman-Ferraro current produces equal positive H perturbations on the dawn and dusk sides, while the asymmetric ring current produces negative H perturbations everywhere with the dusk perturbations being stronger than the dawn perturbations. The only reasonable explanation for this strong dawn-to-dusk polarity asymmetry in the H perturbations in Figure 3 is that the binaveraged effect of the intensified asymmetric ring current exceeded that of the intensified Chapman-Ferraro current in the postnoon sector, while in the morning sector the effect of the enhancement of the Chapman-Ferraro current dominated as expected. Therefore this dawn-to-dusk asymmetric H perturbation is strong evidence of the intensification of the asymmetric ring current by the pressure enhancements.
[30] For DP > 12 nT in Figure 3 , we mostly see positive H perturbations. This is because the number of such cases is relatively small (only 13 cases), and B z was mostly positive (>5 nT) or only weakly negative (none less than À2 nT) for these cases. Under these IMF B z conditions, the asymmetric ring current is generally expected to be very weak or to disappear. We thus cannot expect the clear dawn-to-dusk polarity asymmetric H perturbations seen for DP < 12 nT for two reasons: first, the effect from the intensified ChapmanFerraro current was dominant, and second the ring current was almost symmetric. What we see here is mostly the net effect from the Chapman-Ferraro current. In addition, we do not know whether or not it is coincidental that most events with very large pressure enhancements occurred during positive IMF B z .
[31] Figure 4 shows how the bin-averaged H perturbations vary with respect to MLT and the B z preconditioning, i.e., B z_ 2hrbef. DH here is binned every 2.0 nT of IMF B z and 1.5 hrs in MLT. Generally, for negative B z , there are more negative H perturbations on the dusk side than on the dawn side. This is also a clear dawn-to-dusk polarity asymmetry of the H perturbations, which is strong evidence of the intensification of the asymmetric ring current caused by the pressure enhancements. Our previous storm time case studies showed that the effect of a pressure enhancement strongly depends on the IMF B z preconditioning [Shi et al., 2005] . The statistic results shown here are consistent with this conclusion, but are more general and indicate that there generally is a dawn-to-dusk asymmetric response for negative B z .
[32] The negative DH in Figure 4 cover $6-12 hours of MLT on the duskside (generally from 12 to 24 MLT) for negative Bz, which is the expected result for the asymmetric ring current that flows in the duskward direction from near midnight and extends toward noon. For positive B z , especially large positive B z , there mostly are positive H perturbations on both the dusk and dawn sides. These are the expected result from the Chapman-Ferraro current and a very weak asymmetric or symmetric ring current.
[33] Surprisingly, for small positive B z in Figure 4 , we still see some weak polarity asymmetry of H perturbations within a small region around local noon. There are two possibilities for this. Either the asymmetric ring current does not vanish for small positive B z , or some other current systems actually contributed to the H measurements. This phenomenon is addressed later in the Discussion Section.
[34] Our results of the 186 pressure enhancements indicate that a pressure enhancement generally intensifies the asymmetric ring current under negative IMF B z when the ring current is expected to be asymmetric. The more negative the IMF B z the stronger the polarity asymmetry of the H perturbations. The conclusion is strongly supported by a dawn-to-dusk polarity asymmetry of the H perturbations for negative IMF B z . This intensification effect strongly depends on the IMF B z conditions before the pressure enhancement. The preferential condition is southward IMF B z before the compression.
Effect of Pressure Enhancements for Storm and Nonstorm Conditions
[35] The above results are the combination of both the storm time and nonstorm time cases. In this section, we divide the 186 events into two categories. One includes those occurring during storms with minimum SYM-H at least À50 nT. The other is the nonstorm category, which includes those occurring during nonstorm times and some weak storms. Nonstorm cases are those with minimum SYM-H larger than À30 nT. Weak storms are those with minimum SYM-H less than À30 nT but larger than À50 nT.
Effect of Pressure Enhancements for Storm Conditions
[36] We find 51 pressure enhancement events occurring during a storm main or recovery phase (24 of these events occurred during the main phase while the remaining 27 event occurred during the recovery phase), with SYM-H being less than À50 nT at the time of the onset of these pressure enhancements. This excludes events occurring at the very beginning of a storm, and guarantees that there was a strong asymmetric ring current before or at the onset of the pressure enhancements. Figure 5 shows the binned H perturbations of the 24 main phase cases with respect to DP and MLT. It shows a very clear dawn-to-dusk polarity asymmetry of H, which is strong evidence of the intensification of the asymmetric ring current by the pressure enhancements. This further verifies our previous conclusion about the effect of pressure enhancements occurring during the main phase of a magnetic storm [Shi et al., 2005] .
[37] Shi et al. [2005] found that the asymmetric H perturbations are stronger for events occurring during the main phase, when the asymmetric ring current is expected to be stronger, than for recovery phase events with the same strength of pressure enhancement. Shi et al. [2005] also deduced that the controlling factor is the strength of the asymmetric current at the onset of the compression more so than the phase of the magnetic storm.
[38] Figure 6 is the same as Figure 5 except that it is for the 27 recovery phase cases. We still see a dawn-to-dusk polarity asymmetry of the H perturbations but it is weaker than the asymmetry seen in Figure 5 . This is evidence that the asymmetric ring current was intensified by the pressure enhancements, though less so than during the main phase. We find that there were 16 cases out of the 27 in Figure 6 with the SYM-H index less than À80 nT at the onset of the pressure enhancements, among which 4 cases had SYM-H around À300 nT to À400 nT. The IMF B z for these 16 cases were negative and some of them were even strongly negative. Most of these 16 cases occurred during the early recovery phases when the ring current was still asymmetric [Liemohn et al., 1999 [Liemohn et al., , 2001b . This implies that the asymmetric ring current at the onset of these cases was still strong enough, and it thus had the potential to be strengthened enough to exceed the Chapman-Ferraro current effect and led to polarity asymmetric H perturbations. Figure 7 is the same as Figure 6 except that it is for the other 11 cases with the SYM-H index larger than À80 nT. It is very clear that for events occurring during weaker Dst there was no polarity asymmetry in the H perturbations. What we see are mostly positive perturbations, which is the net effect from the Chapman-Ferraro current. Thus the dawn-to-dusk polarity asymmetry seen in Figure 6 is due to those 16 cases with strong asymmetric ring current. This indicates that during the recovery phase, we can see polarity asymmetry provided that the asymmetric ring current is strong enough. This result clearly verifies our previous deduction [Shi et al., 2005] that the state of the ring current at the onset of the compression is more important than the actual phase of the storm.
[39] For the recovery phase cases with very large DP, i.e., DP > 14 nPa, we see only positive H perturbations (see Figure 6 ). This has been explained in the description of Figure 3 ; namely, all events with large DP occurred under positive or weakly negative IMF Bz, both conditions not conducive to creating polarity asymmetry in the H perturbations.
Effect of Pressure Enhancements for Nonstorm Conditions
[40] Figure 8 shows the binned H perturbations of the 135 pressure enhancements that occurred during our nonstorm category with respect to DP and MLT. A dawn-to-dusk polarity asymmetry in the H perturbations is seen here as well. However, the averaged range between the positive and negative H perturbations is smaller than that for the storm category (see Figure 5 ), which indicates that the asymmetry of the H perturbations is weaker during nonstorm compressions than for compressions that occurred during storms.
[41] It is reasonable to expect some asymmetry (albeit smaller) because there were still some weak storms with weaker asymmetric ring currents in this category. This category also includes conditions of enhanced convection, such as substorm growth phase, which leads to asymmetric ring current formation but are not generally identified as storms. Thus the pressure enhancements still intensified this weaker asymmetric ring current creating some asymmetry as seen in Figure 8 .
[42] In order to evaluate these effects further, we plot the binned H perturbations of these 135 events with respect to B z_ 2hrbef and MLT in Figure 9 .
[43] For positive B z , there is no clear dawn-to-dusk polarity asymmetry of the H perturbations, which is expected for a ring current that is symmetric and weak. Although the induced electric field by a pressure enhancement still adiabatically energizes the preexisting ring current particles, this would lead to symmetric total energization and thus no increase of the ring current asymmetry.
[44] For negative B z , we do see a clear dawn-to-dusk polarity asymmetry of the H perturbations, implying that the asymmetric ring current existed for at least some of these nonstorm cases with southward IMF B z , and that it was intensified by the pressure enhancements. Thus, for our nonstorm category with southward IMF B z , a pressure enhancement can strengthen the ring current asymmetry because an asymmetric ring current exists at the onset of the compression. The same conclusion keeps emerging from our investigation, namely it is the strength of the asymmetric ring current at the onset of the compression that is the most important factor, rather than the phase of the storm, for determining whether or not a polarity asymmetry in the H perturbations will be observed. The strength of the observed polarity asymmetry seems to be directly linked to the strength of the asymmetric ring current at onset, which of course depends on the IMF B z preconditioning. The specific value of Dst or of the IMF B z are only relevant through their relationship to the strength of the asymmetric ring current.
[45] We further investigate the most relevant time period for the IMF B z preconditioning, namely for how long prior to the compression must B z be negative for the polarity asymmetry to be evident, by reproducing Figure 9 for B z 1 hour before and for B z a half hour before the compression. The effect is not clear when B z for a half hour before is used, while the plot for B z 1 hour before is essentially the same as Figure 9 . This indicates that 1-2 hours of IMF preconditioning is the necessary condition.
Discussion
Roles of the IMF B z Conditions
[46] Our statistical results show that a pressure enhancement can further asymmetrically intensify the already asymmetric ring current under appropriate conditions. This intensification depends on two factors. One is the strength of the pressure enhancement. Stronger pressure enhancements cause stronger ring current intensification under similar IMF B z . The other is the polarity of IMF B z before a pressure enhancement. A pressure enhancement generally strengthens the ring current asymmetry under southward IMF B z by causing local adiabatic energization of the particles already within the ring current region.
[47] IMF B z preconditioning determines the asymmetry state of the ring current before a pressure enhancement. For example, prolonged southward IMF B z before a pressure enhancement, which typically exists during the main and early recovery phase of a magnetic storm, gives a strong and already asymmetric ring current. It is thus much more likely for the asymmetric ring current to cause a clear dawn-todusk polarity asymmetry in the ground DH perturbations due to its stronger contribution than that of the ChapmanFerraro current in the postnoon sector. This explains why we statistically find a strong ground DH dawn-dusk polarity asymmetry for pressure enhancements that occur for our storm category. This effect is also observed for cases with the appropriate IMF B z preconditioning that do not occur during a storm, though we do not see as strong an effect during nonstorm category because the asymmetric ring current is weaker.
[48] Surprisingly, we further find that this effect depends on the IMF B z conditions during a pressure enhancement similarly to that of the IMF B z preconditioning. We define the IMF B z during a pressure enhancement (B z_ during) as the averaged value during the period when the pressure is 0.75 of its peak value. Figure 10 is the same as Figure 4 except that it is for B z_ during. The results are very similar to those in Figure 4 .
[49] It is not intuitively and immediately clear why the Bz sign during the time of high pressure would affect the polarity of the H perturbation asymmetry. It could be explained by the following: First, it is possible that the cases with negative ''B z_ during'' also have negative ''B z_ 2hrbef''. At least this is generally the case for the pressure enhancements occurring during the main and early recovery phase of magnetic storms. Figure 11 shows a clear correlation between B z_ during and B z_ 2hrber for all the 186 cases. This is a fairly good linear relationship with R 2 of 0.69. Second, even if the B z_ 2hrbef is positive, the negative B z_ during immediately causes the injection of new particles into the ring current region. The particles are likely energized by the pressure-associated induced electric field as they start to be injected into the ring current region. Third, the magnetopause is established closer to the Earth following a pressure enhancement. This can lead to the direct loss to the magnetopause of particles that are previously drifting around the Earth and those that are freshly injected when the pressure is high. Additionally, compression by an enhancement in dynamic pressure can enhance magnetospheric convection and the density of the plasma sheet source population for the plasma sheet Kozyra et al., 1998 ]. Both of these could be effective during the course of a pressure enhancement, though not at its onset.
[50] In summary, IMF B z conditions, both before (preconditioning) and during a pressure enhancement, play an important role in controlling the effect of the pressure enhancement on the asymmetric ring current.
Implication of the ASY-H Index
[51] Generally, the asymmetric ring current should become small when the IMF B z turns northward [Kawasaki and Akasofu, 1971] . However, Figure 4 shows that even for some small positive IMF B z (several nT), there are still some negative H perturbations around the local noon and early postnoon sector. In the morning sector we see mostly positive H perturbations, which results in a weak polarity asymmetry. Consistent with this, Figure 1 shows that even for positive IMF B z there are still some large increases of ASY-H. The implication is that either the asymmetric ring current still exists under small positive B z and is intensified by a pressure enhancement, or the H measurement and the ASY-H index are actually affected by current systems other than the asymmetric ring current.
[52] Since the polar cap potential does not go to zero for northward IMF B z less than 5 nT [Boyle et al., 1997] , convection still exists for small positive IMF B z . Thus particles can continue to be injected into the ring current region, which leads to a relative weak asymmetric ring current from direct loss to the magnetopause. This weak asymmetric ring current can be further energized by the pressure-induced electric field and might lead to the weak asymmetric H perturbations seen in Figure 4 .
[53] Some evidence exists that field-aligned currents can contribute to the DH perturbations and the ASY-H index. Under southward IMF B z during a magnetic storm, Zesta et al. [2000] found that the enhancement of the region 1 currents by a magnetospheric compression can penetrate and oppose the enhancement of the Chapman-Ferraro current near local noon at midlatitudes and even low latitudes. This leads to negative H perturbations there. Also, Shi et al. [2005] found that there were exceptionally large positive H perturbations on the order of 200 nT around midnight during the pressure enhancement that occurred in the 25 September 1998 storm, when the IMF B z suddenly turned northward and triggered a substorm [see Shi et al., 2005, Figure 9 ]. While the minimum negative H perturbation on the dusk side was around À100 nT, and the maximum positive H perturbation on the dawn side was about 50 nT, the DASY-H was nearly 300 nT [see Shi et al., 2005, Figure 1] . Obviously, the ASY-H index included contributions from the substorm current wedge during this pressure enhancement.
[54] Figure 4 shows that the negative H perturbations for small positive IMF B z were mostly within a small region near local noon, where the region 1 currents are expected to have the strongest effect at midlatitudes and low latitudes (due to the added effect of both the morning and afternoon region 1 currents). Moving away from this region, we generally see positive H perturbations at midlatitudes and low latitudes, as is expected when the magnetosphere is compressed and the Chapman-Ferraro current is dominant. Since we do not find any report about the results of Zesta et al. [2000] for northward IMF B z , we can only say that it is possible that the negative H perturbations around the local noon region were due to the effects of intensified region 1 currents.
[55] Thus it is very likely that during pressure enhancements, the ASY-H index can have significant contributions from field-aligned currents if one or two of the stations used to derive it happen to be located around the local noon or midnight region, where the field-aligned currents are expected to have the strongest effect under some specific conditions.
[56] In this paper, our interpretation is based on an approximately dusk-centered asymmetric ring current, as shown by Liemohn et al. [2001b] to interpret the ground dawn-dusk asymmetric H perturbations. Recent ENA observations and numerical simulations [C:son Brandt et al., 2002; Fok et al., 2003; Ebihara et al., 2004] show evidence for a more midnight-centered asymmetric ring current during the main phase due to an eastward skewing of electric equipotentials. Such a situation without a significant dawn-dusk asymmetry should not last more than a few hours, however, because of the westward magnetic drift of ring current protons. We do not see evidence for a midnight centered ring current, perhaps because we have limited Figure 11 . Averaged B z during the pressure enhancements (B z_ during) with respect to the averaged B z two hours before the pressure enhancements (B z_ 2hrbef). There is a good linear relationship between them with the R 2 = 0.69. measurements during the initial few hours of the main phase of storms.
Conclusions
[57] In this paper we have statistically investigated the effect of solar wind dynamic pressure enhancements on the ring current asymmetry using variations of the ASY-H index and low-latitude to midlatitude H perturbations of the geomagnetic field for 186 pressure enhancement events occurring from 1 June 2003 to 30 September 2004.
[58] We have found that a pressure enhancement can intensify the ring current asymmetry if the ring current is already asymmetric prior to or during the pressure enhancement. This is in turn determined by the polarity of IMF B z orientation before or during the pressure enhancement. For southward IMF B z , a pressure enhancement generally can further asymmetrically intensify the already asymmetric ring current. The more negative the IMF B z is, the more likely it is for a pressure enhancement to intensify the asymmetric ring current sufficiently to lead to the polarity asymmetric H perturbations on the ground. However, whether or not we can see strong evidence of the intensification of the asymmetric ring current, i.e., the clear dawnto-dusk polarity asymmetry in the H perturbations, depends on the balance between the ring current and the ChapmanFerraro current. For large positive IMF B z , a pressure enhancement generally causes a stronger effect from the Chapman-Ferraro current than from the ring current.
[59] The strength of the pressure enhancement also plays an important role and determines the strength of the intensification. The stronger is the pressure enhancement, the stronger is the intensification of the asymmetric ring current under the same IMF B z condition.
[60] To some extent the ASY-H index can be used as a qualitative measurement of asymmetric ring current. However, we have found effective contribution to the DH measurements or the ASY-H index from field-aligned currents around local noon and midnight regions. It is thus necessary to further check the low-latitude ground H measurements to separate the relative contributions from different currents.
[61] Furthermore, our interpretation is based on an approximately dusk-centered asymmetric ring current. Further quantitative evaluating of the relative contribution of different magnetosphere-ionosphere current systems to the ground asymmetric H perturbations by numerical modeling should be interesting in evaluating this interpretation, and is currently being pursued.
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